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VADOSE ZONE

WATER TABLE

SATURATED ZONE

• The development of risk assessment and remediation plans requires a detailed 
understanding of transport of pollutants in the subsurface

• Subsurface characterization is challenging at industrial contaminated sites due to 
the presence of complex subsurface environments

CONTEXT OF THE STUDY

CHALLENGE: FINDING IN SITU TECHNOLOGY FOR 
CHARACTERIZATION OF CONTAMINANT FLOW AND 

DISTRIBUTION

Présentateur
Commentaires de présentation
The development of risk assessment plans and remediation options at industrial contaminated requires a detailed understanding of transport of pollutants in the subsurface. The presence of complex subsurface environments containing mixtures of backfill, disturbed materials and contaminants pose difficulties for characterization of contaminant distribution and transport in the subsurface. In the vadose zone (located between the surface and groundwater) such characterization is restricted due to the lack of suitable technologies. However, this zone controls the release of contaminants to groundwater, so it needs to be characterized. So the challenge is to find technologies that can be used in such complex industrial environments.






• LOCATED OVER CRETACEOUS CHALK, SILEX AND MARLS DEPOSITS
• GROUNDWATER FLOW DIRECTION: N-Sn GROUNDWATER DEPTH APPROX 7m
• SOIL AND GROUNDWATER CONTAMINATED WITH CYANIDE, BTEX, PAH, HEAVY METALS
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INDUSTRIAL CONTAMINATED SITE: CARCOKE

Présentateur
Commentaires de présentation
An example of such complex industrial sites can be found at the carcoke site. This site is located on the west part of Belgium, and is a former coke plant closed in the nineties.  
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1) VADOSE ZONE MONITORING SYSTEM

PREVIOUS VADOSE ZONE STUDIES AT THE CARCOKE SITE

2) GEOPHYSICAL SYSTEM
ELECTRODES IN BOREHOLES

Subsurface characterization with 
cross-borehole Electrical Resistivity 

Tomography (ERT) measurements

EXPERIMENTAL SETUP

FLEXIBLE TIME DOMAIN TRANSMISSOMETRY 
(FTDR) : Monitoring subsoil water contents

VADOSE SAMPLING PORTS (VSP)
Collect water samples from subsoil
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NATURAL RECHARGE CONDITIONS

PREVIOUS VADOSE ZONE STUDIES AT THE CARCOKE SITE

IDENTIFYING WATER FLOW MECHANISMS FROM WATER 
CONTENT SENSORS

SUBSURFACE CHARACTERIZATION WITH GEOPHYSICAL METHODS

IDENTIFYING CHEMICAL FACIES OF PORE WATERS ACROSS 
THE VADOSE ZONE

Fernández de Vera et al., IAH conference in Rome, sept. 2015
Fernández de Vera et al. 2016, HESS under revision

Présentateur
Commentaires de présentation
The setup has allowed us to retrieve important sets of information. The evolution of water contents over time at different depths of the vadose zone has allowed for the identification of flow mechanisms through inferences from distinctive water contents.

 We have a very complex subsurface environment, with mixtures of backfill, disturbed and in place sediments + altered rock. Our first results have shown that because of that we have very complex infiltration patterns with a mixture of fast and slow infiltration components.
==> So, we want here to investigate further the infiltration - recharge - transport processes in thick unsaturated zone based on better controlled conditions thanks to a tracer infiltration experiment.




EXPERIMENTAL SETUP FOR A VADOSE ZONE TRACER TEST
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GEOPHYSICAL SYSTEM:
SURFACE AND CROSS-BOREHOLE ERT

Surface ERT 
P48

Surface ERT 
P32

Cross-borehole 
ERT (G1-G2)

Electrode 
number 48 32 24 per borehole

Electrode 
spacing (m) 0.4 1.25 0.6

Depth of 
investigation 4m 8m 15m

Array Dipole-dipole Dipole-dipole Bipole-bipole 
(AM-BN)

INSTALLATION OF 
AN INFILTRATION SYSTEM

Why a tracer experiment?
 To better understand the dynamics of solutes / 
pollutants in this complex unsaturated zone



VERTICAL BOREHOLES GEOPHYSICS

P32
P48

INFILTRATION 
SYSTEM
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G1
G2

G3G4

EXPERIMENTAL SETUP FOR A VADOSE ZONE TRACER TEST

Présentateur
Commentaires de présentation
After the installation of cross-borehole geophysics and the VMS an infiltration system was installed and two lines of surface electrodes were deployed. 



TRACER SELECTION
HIGHEST ELECTRICAL CONDUCTIVITY OF 
SAMPLED WATER IN THE VADOSE ZONE: 

+/-1800 µS/cm

50Kg of CaCl2 +2Kg of LiCl IN 600L OF WATER
ELECTRICAL CONDUCTIVITY: 107000µS/cm

ENOUGH CONTRAST FOR TRACKING THE 
TRACER WITH GEOPHYSICS
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EXPERIMENTAL SETUP FOR A VADOSE ZONE TRACER TEST

Présentateur
Commentaires de présentation
Waters sampled across the vadose zone with VSP sensors were collected previous to tracer experiments for electrical conductivity measurmenents.  The highest electrical conductivity that was found was 1787µS/cm. In order to generate enough contrast with the background 50Kg ofCaCl2 and 2Kg of LiCl were mixed in 600l of water, generating a contrast of 60:1 with vadose zone waters.
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RESULTS
BACKGROUND IMAGES GEOPHYSICS
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Présentateur
Commentaires de présentation
Cross-borehole geophysical measurements were taken previous to tracer experiments in order to provide a structural characterization of the subsurface. Six lithological units can be distinguished. The first 4m are characterized by heterogeneous distribution of backfill, silt and sand and chalk and silt layers. At 4m depth, there is a layer of silex that is underlined by clay and chalk. Marls are encountered at 11m . The vadose zone has a thickness of 7m with seasonal variation of 3m.

For surface electrodes, the resolution of tomographic profiles decreases with depth. In order to distinguish areas which are sufficiently resolved, the cumulative sensitivity is used. Sensitivity shows how the data is influenced by model cell parameters. A sensitivity threshold of -2.5 was established for surface profiles (Figures on the right). This is an arbitrary value that has been chosen based on experience. For P48, the depth of investigation reaches 1-1.5 m at the sides of the profile and 2 m at the central part. For P32, the depth of investigation is higher, of 2-2.5 m at the sides of the profile and up to 5.5 m at the center of the profile. The sensitivity of tomographic profiles for cross-borehole geophysics is higher in general due to the electrodes set-up; therefore, no sensitivity threshold was established for this configuration



1 2 3 4
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SURFACE PROFILE P48

Threshold cutoff: 25%

Plume tail modified by rain events 
(between image 1 & 2 & 3 & 4)

1

RESULTS
SHORT TERM MONITORING (5 DAYS): SLOW VERTICAL FLOW
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Présentateur
Commentaires de présentation
Tracer infiltration was monitored with time-lapse ERT measurements. A percentage change in resistivity with respect to background resistivity values is represented in each time-lapse image. Maximum differences are expressed in the form of negative values, as the tracer is more conductive than the background and therefore tends to decrease the measured resistivity.

Two different filters are applied at each surface array. As the depth of investigation decreases with depth for surface arrays, a sensitivity threshold of -2.5 was used for distinguish areas which are sufficiently resolved. In order to discriminate variations in the ERT images due to the tracer from the ones related to ambient noise, a cutoff of 25% was applied in the images (this can be seen colour  bar)

After tracer infiltration, measurements were carried out for five days. Results show a tracer plume that is retained in the first meter, where the backfill is encountered. Although slow vertical flow is observed, the tail of the plume is modified by rain even episodes. This can be observed in images 1 and 2 , where the rainfall event that occurred in the early morning of 24/05/2014 has modified the tail of the tracer plume. The same case is observed in images 3 and 4.
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SURFACE PROFILE P32

1 2 3 4

2

3

4

1

RESULTS
SHORT TERM MONITORING (5 DAYS): SLOW VERTICAL FLOW

Threshold cutoff: 40%
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Plume tail modified by rain events 
(between image 1 & 2 & 3 & 4)

Présentateur
Commentaires de présentation
Results from P48 are similar to those from with precipitation events modifying the plume tail. For this configuration the noise detected was quite high (threshold cutoff:40%). It is important to bear in mind that the setup was installed at an industrial site, where there are multiple factors that can provide noise




RESULTS
SHORT TERM MONITORING (5 DAYS): SLOW VERTICAL FLOW

Threshold cutoff: 25%
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CROSS-BOREHOLE G1-G2

Présentateur
Commentaires de présentation
Results from surface profiles are coincident with measurements carried out in the pair of boreholes in G1G2. Slow flow is detected in this period. On the 27/05/2014, the area of maximum resistivity changes in cross-borehole images is slightly displaced towards greater depths, following the rainfall event on 26/05/2014. This suggests that the rain might affect not only the plume tail but might displace the center of the plume slightly downwards.



SHORT TERM
GEOPHYSICAL MONITORING (see 3 previous slides)

LONG TERM GEOPHYSICAL MONITORING

P48 P32

25/08/2014

RESULTS
LONG TERM MONITORING (105 DAYS AFTER)

Présentateur
Commentaires de présentation
On the 25TH of August (105 days after tracer infiltration), surface and cross-borehole measurements were carried out again to monitor the spatial evolution of the tracer. Results from measurements reveal further vertical transport of the tracer plume. The tracer plume has expanded laterally with increasing depths (P48). Such plume has reached 4m depth, as revealed by measurements from G1-G2.



RESULTS
MEASUREMENTS G1 G2 G3 G4
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TRACER RETAINED IN 
BACKFILL MICRO AND 

MICROPORES
(MAIN PLUME)

PERCOLATED 
TRACER VIA 

PREFERENTIAL 
FLOW

N

28TH MAY 2014 25TH AUGUST 2014

Présentateur
Commentaires de présentation
Although geophysical measurements were limited by the conditions of the site (e.g. no electrical power on site), we managed to make measurements in all 4 boreholes in two occasions. Such images allowed the identification of tracer in different directions and depths, which was important for understanding tracer distribution and transport.
The first occasion corresponds to the 28th of May (last day of short term experiment). What we can observed here is that most of the tracer is retained in the first m, which corresponds to backfill materials. When tracer enters backfill macropores, a fraction of the tracer is absorbed by the backfill matrix through the macropore walls, whereas the rest percolates vertically via gravitational forces. The differences in hydraulic conductivities between backfill and underlying silt and sand deposits lead to tracer ponding at the layer boundary. Therefore, most of the tracer is retained in the backfill micro and macropores, constituting the main plume. Lateral propagation of the tracer occurs via connected voids in the backfill. Part of the tracer that migrates laterally might accumulate in separate areas if preferential flowpaths are encountered, as shown by separated resistivity areas in the image. 
The right figure shows the borehole pairs measurements that were made on the 25th of August. Such image shows that the tracer has changed its distribution and vertical transport can be appreciated in some areas when comparing to the left image.  

ANSWER IF QUESTION ON 3D IMAGE:
This was the initial idea. However, according to Fred, the electrode coverage is not ideal for 3D data collection (like a grid of electrode would be). 3D inversion would result in a resolution decrease between the 2D image planes and most likely dominated by the reference model in the inversion. The independent 2D inversions provide consistent results and coherent interpretation with the boreholes and are sufficient in this case. 

 



SHORT TERM 
MONITORING

MEASUREMENT 105 DAYS 
AFTER INJECTION

38.6mm of rain
HIGH INTENSITY 

RAINFALL EPISODES 
ENHANCE
VERTICAL 

TRANSPORT 
THROUGH 

FRACTURES AND 
MATRIX

RESULTS
VMS MONITORING 
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Présentateur
Commentaires de présentation
The graph shows the calculated effective infiltration on the top over the time and the VMS sensors located at different detpths. Water content sensors are located at 1.58m and 2.50m, where chalk and silts are encountered . Rainfall infiltration is expressed through fast rises in water content subsequent to infiltration episodes. An almost instant response to rainfall events is registered at different depths, as reflected by sharp changes in water content. There is a short delay between water arrival and drainage, and water is flowing to underlying materials almost instantly. This is an indication that water is bypassing the chalk matrix, following preferential flow mechanisms. 
The water samplers are located at 2,04 and 2,96m depth. 
In June and July 2014, no remarkable infiltration events have occurred and ion concentrations from samplers located at 2.04 and 2.96m did not increase notably. On the 09/07/2014, 38.6mm of rain water percolated through the vadose zone. As a response to such high infiltration event, fast water wetting and draining patterns are registered at 1.58 and 2.04m, indicating the activation of preferential flow through fractures.  As a result of such event, an increase in Ca2+, Cl- and Li+ concentrations is registered at depths that reached 2.96 m. This explains the fast transport of tracer towards greater depths.




Main findings from field setup:

 Confirmation of main infiltration / transport mechanisms: 
 Matrix flow through micropores
 Preferential flow through macropores and fractures

 Transport in the absence of significant recharge episodes:
 Slow infiltration of water and dissolved species through the effect 

of gravity across the subsurface

 Transport during significant recharge episodes:
 Preferential flow is activated through macropores and fractures. 
 Fast transport of water and solutes across the vadose zone and 

tracer redistribution
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CONCLUSIONS



Consequences for pollutant leaching across the unsat
zone:

 Not just a simple infiltration mechanisms but a complex behaviour
with initial infiltration, then redistribution and episodic leaching to 
deeper unsat zone during subsequent rainfall – infiltration events

 Such result questions "classical" conceptual model where 
infiltration is often assumed steady state with  contaminant leach 
“gently” downwards. 
Most probably, mass flux approaches (across VZ) would be better 
appropriate, with the idea to estimate an annual mass flux 
discharge to groundwater and not a concentration at the base 
of the vadose zone
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CONCLUSIONS



http://www.ulg.ac.be/cms/c_3331470/fr/comprendre-la-pollution-des-eaux-souterraines

Link to video of the  installation 
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THANK YOU

http://www.ulg.ac.be/cms/c_3331470/fr/comprendre-la-pollution-des-eaux-souterraines
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